The paper presents the results of studies of the effect of chromium concentration on the solidification process, microstructure and selected properties of cast iron with vermicular graphite. The vermicular graphite cast iron was obtained by an Inmold process. Studies covered the cast iron containing chromium in a concentration at which graphite is still able to preserve its vermicular form. The effect of chromium on the temperature of eutectic crystallization and on the temperature of the start and end of austenite transformation was discussed. The conditions under which, at a predetermined chromium concentration, the vermicular graphite cast iron of a pearlitic matrix is obtained were presented, and the limit concentration of chromium was calculated starting from which partial solidification of the cast iron in a metastable system takes place. The effect of chromium on the hardness of cast iron, microhardness of individual phases and surface fraction of carbides was disclosed.
Introduction
In Poland, vermicular or compacted graphite cast iron is covered by the Polish Standard PN-EN 16079: 2012. The standard specifies five grades of this cast iron with a tensile strength of 300 to 500 MPa at an elongation from 2.0 to 0.5%, respectively ( Table  1) . The tensile properties given in Table 1 refer to castings with a wall thickness of up to 30 mm. As specified by this standard, the microstructure of cast iron matrix changes from a predominantly ferritic (grade EN-GJV-300) to pearlitic (grade EN-GJV-500) [1] . Compared to grey cast iron, the cast iron with vermicular graphite is characterized by higher strength and improved ductility. The microstructure of its matrix is less sensitive to the casting wall thickness. Compared to ductile iron with a spheroidal form of graphite, the vermicular graphite cast iron has lower coefficient of thermal expansion, but higher thermal conductivity, higher resistance to dynamic changes of temperature, higher damping capacity and castability. Due to these advantages, the cast iron with vermicular graphite finds a wide range of specific applications. The first utilitarian use of this cast iron was for the brake discs in high-speed railway systems. Currently, this material is mainly used for the construction of IC engine blocks, manifolds, and similar parts. Very interesting complex of properties offered by this cast iron is the object of intensive research and numerous publications [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . There is a fairly large group of publications describing the possibility of obtaining ausferrite in the vermicular graphite cast iron, giving rise to the cast iron grades known as AVI or CAVI [13] [14] [15] [16] [17] . There are very few publications, however, which would discuss the effect of alloying elements on the microstructure and properties of cast iron with vermicular graphite [18] [19] [20] . The lack of any more precise data in this field has led the authors of this article to studies which are hoped to fill, at least partially, the gap in the information on this particular subject. So, the aim of this work was to study the effect of chromium on the solidification behaviour, microstructure and hardness as well as microhardness of vermicular graphite cast iron.
Research methodology
Chemical composition of the tested cast iron is shown in Table 2. The cast iron with 2.7% chromium concentration was investigated. With this level of chromium concentration, the graphite precipitates in cast iron still preserve their vermicular shape. The charge for the furnace consisted of special pig iron (the composition is shown in Table 3 ), FeSi75 ferrosilicon and technically pure chromium. Metal was melted in an electric medium-frequency induction crucible furnace of 30 kg capacity. The vermicularizing treatment of cast iron was done by an Inmold process. At 1480°C, the cast iron was poured into a sand mould with the gating system comprising a spherical reaction chamber of ϕ85 mm diameter. In this chamber, a Lamet ® 5504 magnesium master alloy supplied by Elkem Norway was placed. The composition of the master alloy is shown in Table 4 . Behind the reaction chamber there was a mixing chamber and a control chamber. In the thermal centre of control chamber, a PtRh10-Pt thermocouple was placed to record temperature changes during alloy cooling and solidification. This allowed, in turn, plotting the TDA curves. This method has been widely used in studies of the solidification process of various metals alloys [21] [22] [23] [24] . Behind the control chamber there was a stepped test casting with dimensions shown in Figure 1 .
Sulphur concentration was comprised in the range of 0.011 ÷ 0.019%, while phosphorus concentration was in the range of 0.053 ÷ 0.073%. Figure 2 (a, b) shows the TDA curves plotted for an unalloyed vermicular graphite cast iron. The solidification of cast iron started at 1229°C with the precipitation of austenite crystals. The thermal effect of this process is described by points SAB. Another thermal effect (points DEFH) comes from the crystallization of austenite + vermicular graphite eutectic. The solidification of cast iron ended at 1099°C (point H). The transformation of austenite began at a temperature of 772°C (point K, Fig. 2b ) and ended at 722°C (point M, Fig.  2b) .
Results
With the addition of chromium introduced to the vermicular graphite cast iron, the number of thermal effects on the TDA curves has remained unchanged. What has changed were the coordinates of the points describing these effects. Therefore, Table 5 compares the coordinates of characteristic points on the TDA curves. From the data compiled in Table 5 it follows that chromium reduces the temperature of eutectic crystallization by making the cast iron more prone to metastable crystallization (the values of temperature at points D, F and H) and raises the temperature of the γ → α or γ → pearlite transformation (the temperature at points K and M). Figures 3 and 4 show the effect of chromium on the temperature of eutectic transformation and austenite decomposition. 3 mm has been growing in an approximately proportional way from about 10% in unalloyed cast iron to about 52% in the cast iron containing 2.8% Cr. In castings with a wall thickness of 24 mm, carbides (~ 12%) were traced starting with the chromium concentration of 0.75%; their fraction was growing up to 35% in the cast iron containing 2.8% Cr. In addition to the carbide-forming effect, chromium in the vermicular graphite cast iron has also a pearlite-forming effect. Loss of ferrite precipitates was observed with the chromium concentration of 0.75% in castings with a wall thickness from 3 to 12 mm. In castings with a wall thickness of 24 mm, trace amounts of ferrite were still observed when chromium concentration was at a level of 1% Cr. Table 6 shows the results of hardness measurements taken on vermicular graphite iron castings and microhardness measurements of pearlite and carbides related to chromium concentration. The effect of chromium concentration on hardness of the vermicular graphite cast iron and microhardness of pearlite and carbides is graphically shown in Figures 8-10 . The plotted diagram shows that 1% Cr increases the cast iron hardness by about 87 HB units. This effect is roughly proportional over the entire examined range of chromium concentrations. Fig. 9 . Pearlite microhardness vs chromium concentration in vermicular graphite cast iron Figure 9 shows that with chromium concentration of up to 0.5% pearlite hardness decreases, first, and increases next. This is probably due to the drop of ferrite hardness at a low chromium concentration [25] . The next increase in the eutectoid hardness is due to the hardness increase in both ferrite and cementite. 
Conclusions
The data contained in this work enable drawing the following conclusions:
• chromium, by lowering the temperature of eutectic transformation, raises the temperature of the beginning and end of eutectoid transformation by 32°C and 16.5°C, respectively, per 1% of concentration, 
